Abstract: Unlike the contiguous windthrows, the diffuse windthrows occurred as a result of wind 12 gusts of lower speed (100-140 km/h) than in the first case (>140 km/h) are much more difficult to 
Introduction

28
Storms are known to be the most destructive natural disasters for forests in terms of frequency 29 of occurrence, damages caused and their spatial extent [1, 2, 3] . Such a meteorological phenomenon (1969/1970, 1994/1995, 2005/2006 ) some trees were damaged or blown over by "heavy 155 snow", sometimes in combination with a stronger wind. Rarely, in the case of sudden snow removal, 156 stone and mud torrents can be formed that damage or break trees in their path. 
159
Due to location, climatic conditions and topography, the Vosges Mountains area has often been 160 affected by major winter storms that have led to windthrows on extensive forest areas, causing the 161 greatest damages if we also relate to other damaging causes for forests. Meteo France distinguishes 162 12 types of storms, [39] with the most frequent being the North and West oceanic storms. Hence, the
163
Vosges Mountains area, especially the Northern part, is on the storm's travel path. Obviously, the
164
French coastline is the most exposed and feels the maximum strength of any storm originating in the 165 Atlantic. Then, the storm's strength gradually weakens towards the interior of the country. This explains why windthrows in the North-Eastern France and the ones from the Vosges Mountains have 167 a local character or are often diffuse.
168
The Xynthia winter storm occurred from a low pressure system formed in the subtropical area 
210
but obviously these cannot be considered because the event we studied occurred in 2010. One should 211 mention that in the case of the free images, very expensive software is often needed to process them.
But if the purpose of a research is to rebuild the old windthrow trees, obviously, only the sources produced by the older satellites or having an archive (Landsat from 1980) can be accessed.
The availability of satellite data varies and choosing the best sensor is very important in order windthrows using optical satellite imagery it is important to know which sensor is appropriate.
namely: data availability, spectral resolution, spatial resolution and temporal resolution (to increase the probability of achieving useful cloud-free data). Besides availability and resolution, the cost of data 220 represents also an important factor to be considered. Satellite imagery products vary in their spatial 221 and spectral resolution, geographic and temporal coverage, cloud cover, security regulations, and
222
price [45] . The most frequently used and inexpensive data sources for detecting windthrows are the 223 remote sensing images offered by the Landsat sensor [48] . These are basic sources due to the free of 224 charge images and to the spatial, spectral and temporal details they provide for the mapping of the 225 area damaged by storms.
226
The free of charge availability of Landsat archive and the large geographic coverage provide the 227 opportunities to conduct studies over a long period of time and over a large area [47] [48] [49] . Beside the 228 medium resolution provided, Landsat images at a spatial resolution of 30 m were successfully used 229 to detect windthrows in various areas [23, 24, 27, [50] [51] [52] [53] . However, the increasing availability of high-
230
resolution satellite imagery offers the potential to acquire data with fine spatial resolution (e.g.
231
WorldView, Ikonos, Quickbird), but the cost of these data is a hindering factor in using them. Jackson 232 et al. [54] showed that high-resolution imagery, like LIDAR, offered a great potential to detect 233 windthrows, but they required more basic operating instructions.
234
In this study we chose to use Landsat data to detect the windthrows along the Vosges 273 Figure 3 illustrates the methodological workflow. 
276
We started with the pre-processing of satellite imagery, namely converting them from digital 277 numbers into reflectance. The next step consists in masking the water bodies and dark soil to avoid 278 these pixels being confused with pixels corresponding to the vegetation areas, by using the NDVI 279 index values. Then the images were classified into forest and non-forest areas. The classification was 280 made for the two images, before and after the storm, respectively. Then the difference between the 281 classified images was made, resulting into the identification of areas with lost forest vegetation.
In addition, to improve the result obtained in the previous step, the Disturbance Index (DI) was 283 used. The calculation of DI is made based on the Tasselled Cap bands. After overlapping the two 284 resulting images we obtained the forest changes map. Then, the validation of results was carried out.
285
The evaluation of results depends on the data and information used. The accuracy can be directly Table 3 shows that between the two dates of image 297 selection there were no meteorological events with extreme wind gusts, no storms or tornadoes.
Therefore, the data reflected by the two images cannot be artefacts. We selected no clouds or very few clouds images that were recorded during the growing season and these were purchased for the same vegetation season (June), to reduce the impact of vegetation in different seasons. 
306
The Landsat satellite images provided by USGS have already been radiometrically and geometrically
307
corrected, but for the proposed operations we needed the values of the reflective satellite images.
to pre-process the two sets of images, before and after the storm, by converting the digital numbers 310 into spectral radiance using the equation:
312
Lλ = (gain * DN) + biasλ (1)
313
Where:
314
Lλ -the spectral radiance at the sensor level and referring to the wavelength λ for the specific band;
315
DN -Digital Number;
316 gain and bias -are specific calibration parameters determined before launch.
318
For the relatively clear Landsat images, a reduction in variability of images can be made by 319 converting spectral radiance, calculated using equation (1), into surface reflectance or albedo. To 320 obtain surface reflectance, the fraction of solar energy reflected on a certain wavelength, the following 321 equation was used:
323
324
-Spectral radiance at the sensor's aperture; shadows were separated through a classification of associated pixels and excluded from the 342 subsequent analyses of the changes occurred in the studied area. After applying this mask, the areas where clouds and shadows were located received the value "No data", not taking into account subsequent processing.
In addition to the masking of clouds and their associated shadows, it is necessary to apply another mask for some non-forest dark surfaces such as water, dark soil, and dark impervious these pixels we used the method proposed by Huang et al. [26] , which is based on the spectral properties of water bodies and dark soil. Pixels are classified as water or dark soil if they have reduced 
355
After calculating the Normalized Vegetation Difference Index, a threshold was set to delineate 356 the land-cover classes from the masked areas covered by water and soil, respectively. In this study 
Training and image classification 365
In order to obtain the forest areas, the image before the Xynthia storm must be classified into
366
"forest" and "non-forest". This is carried out following two steps: automatic extraction of forest pixels 367 based on the histogram, and by conducting a supervised classification of the two images before and 368 after the occurrence of the phenomenon. The forest pixels have been identified using the "dark object" approach [30] which involves the 371 delineation of the "forest peak", based on a band local histogram ( Figure 5 ). In the absence of non-vegetated dark objects (which were masked previously), the forest pixels will be located to the left of 373 the histogram, while the first peak on the left will be considered the "peak forest".
i) delineation should be done for a local image window, because this area will contain fewer classes 376 of land cover and the delineation of forest classes from other classes will be easier to achieve. 
383
In order to determine whether pixels have been classified properly into forest and non-forest,
384
we have set samples of black pixels representing vegetation based on which we calculated the 
391
NB is the number of spectral bands.
393
Low IFIs values indicate a high probability of wooded areas, while high values indicate high 394 probability of other land cover categories. Certain dark pixels corresponding to crops may be 395 spectrally similar to pixels for forest areas, but will have IFIs values lower than the forest areas. To 396 eliminate them, it is necessary to set a threshold value, which separates the forest areas from the other 397 areas. For the present study, the threshold was set to 3, so pixels smaller than or equal to 3 are 398 considered as belonging to the wooded areas. (Figure 6b ). This will be used in the end to obtain a change map for the two analysed 409 temporal frames. 
Forest Disturbance Detection
412
The detection of forest disturbed areas was carried out using the Disturbance Index (DI) 
426
The result of the calculation is a single band, where positive values generally indicate areas with 427 disturbance. In order to separate the disturbed areas from the non-disturbed ones, it is necessary to 428 identify a limit threshold, depending on the environmental conditions in the studied area. In our case,
429
the value of DI = 2.5 best identifies the areas affected by windthrows.
430
The last step involved the overlapping of the initial image classified as "forest areas" and "non- on the territory of the Vosges Mountains, some points being so small that they cannot be visually 437 perceived at the scale of cartographic representation in the figure above. We identified 257 polygons
438
(list available in Table S1 : Polygons obtained after running the detection algorithm), affected by 439 windthrows, with a total area of 229 ha. We attach additional material to indicate diffuse windthrow
440
(Appendix A).
441
Results and discussions
442
In the algorithm we have developed, we included neither the object-based image analysis nor 443 the segmentation procedures. We will explain next why we particularly made this decision. topography, and dead vegetation [78] , that affect the applicability of segmentation on Landsat images. The algorithm we propose is similar to the French methodology known as the "7-point method" [33] . However, this still includes different stages, proving to be effective in detecting diffuse windthrows based on Landsat images.
The difference between this method and the "7 points" method is given by the steps followed on medium-resolution Landsat satellite images, while the "7 points" method uses high resolution "pixel per pixel" approach was also used in this study, but it was applied to forest/non-forest images.
458
The next stage in the "7 points" approach consisted in the segmentation of the disturbed areas. As 
Accuracy Assessment
474
To evaluate the quality of the analysis, we assessed the overall accuracy and the Kappa 
478
To evaluate the accuracy of the supervised classification, we used 100 random points for each 479 class we used. These points were manually labelled using Quickbird Google Earth and RapidEye 
483
The polygons resulting from the detection process were overlapped with the ortophotos to see carried out based on a sample of 300 points. The previously defined samples considered as real 489 elements in the field were used to calculate the error matrix, the overall accuracy, the kappa statistic 490 and the user's and producer's accuracy for each class, as shown in Table 4 .
For the change map we used three classes, namely constant forest (CF) that did not change in the two images, disturbed areas (D) and other non-forest classes (NF). The constant forest area is given by 493 those areas that were represented by forest both in the before Xynthia storm image and in the after
494
Xynthia image, while the areas with disturbances are those areas that were classified as forest in the
495
before Xynthia image and that appeared as non-forest in the after Xynthia image. The overall accuracy 496 obtained for the change map was high, i.e. 86%, and the value of the Kappa coefficient was 0.84. Also, the class represented by the constant forest had the user's and producer's accuracy higher than the disturbance class. 
Results validation
Once the accuracy of the thematic data has been set, the validation of the results was the next 503 step. Detecting forest surface changes using satellite imagery is a difficult task and requires validation 
524
Another validation was carried out using high-resolution satellite imagery available in Google
525
Earth. For an easier interpretation of the effect of the Xynthia storm, we zoomed out to a sample 526 territory of 26.6 km x 20.5 km, i.e. 54,613 ha, which is in the centre of the Remiremont city ( Figure 10 ).
detection process. This polygon is superimposed on the change map (in raster format). In the 529 windthrows detection phase, raster data were used which were subsequently converted into vector 
566
The spatial analysis enabled us to highlight the most affected areas, resulting in 257 affected 567 polygons, totalling 229 ha. The largest polygon is 13 ha, located east from the Grand-Soldat hamlet, area North-West of Lake Grand Ballon, on the territory of the Lauteenbach-Zell village.
591
Following the conducted analysis, it was found that most of the affected polygons had based on the limited data images approach is 0.09 ha. This is much better than the detection threshold 597 based on 1 ha of satellite imagery that was used to assess the damages caused by the 1999 storms [83] .
598
The large number of small polygons detected, 194 polygons under 1 ha, come as a result of the 599 particularities of interaction between high wind speeds, over 130 km/h and the relief features of the 600 Vosges Mountains. Generally, the affected polygons appear on the slopes facing the direction of the 601 Xynthia storm. At the escalation of the slopes, the speed of the wind gusts accelerated resulting in an 602 effect similar to bearing, resulting in a greater pressure exerted on the forest cover area. 
